Introduction
Nonrandom associations of alleles in haploid genotypes (linkage disequilibria) are often attributed to the direct action of epistatic natural selection on the loci involved (Bodmer 1979; Klein and Figueroa 1981; and earlier examples in Hedrick et al. 1978) . However, it is well known that linkage disequilibrium can also arise without epistasis as a result of random genetic drift within single populations (Hill and Robertson 1968; Ohta and Kimura 1969~1, 1969b; Hill 1975 Hill , 1976 ) and sub-divided populations (Nei and Li 1973; Li and Nei 1974; Feldman and Christiansen 1975; Ohta 1982a, 19826) and by founder effects (Avery and Hill 1979) . Furthermore, natural selection acting on variation at one locus can indirectly affect associations between neutral alleles either at closely linked loci through "hitchhiking" (Thomson 1977; Hedrick 1980 Hedrick , 1982 Asmussen and Clegg 1981) or, in the case of clonally structured populations, at all loci in the genome as a result of the "dynasty effect" of periodic selection (Koch 1974; Kubitschek 1974; Levin 1981) . With several potential sources of disequilibrium, the evolutionary interpretation of the adaptive nature of particular multilocus associations requires a cautious approach.
To study the contributions of epistatic natural selection and population subdivision to observed disequilibrium, population geneticists have recently developed methods for partitioning multilocus associations into within-and betweenpopulation components (Brown and Feldman 1981; Ohta 1982a Ohta , 1982b . One objective of this approach is to detect systematic associations among alleles in isolated populations of a species-a condition that, with certain reservations (Hedrick et al. 1978) , may be taken as circumstantial evidence of the direct action of natural selection on the loci involved (Lewontin 1974, p. 315) . For systematic associations, there is a relatively large within-population component and a relatively small between-population component, because disequilibrium is in the same direction in each population. In contrast, a large between-population component of disequilibrium is most readily attributable to nonselective effects of population subdivision or founder effects (Brown and Feldman 1981; Ohta 1982a Ohta , 1982b .
Recent studies of allozymic variation in Escherichia coli have revealed that the multilocus genotypes observed in natural populations represent a highly nonrandom subset of a vast array of possible genetic combinations (Selander and Levin 1980; Caugant et al. 1981 Caugant et al. , 1983 Ochman et al. 1983; Whittam et al. 1983) .
In an earlier analysis of multilocus structure in E. coli (Whittam et al. 1983 ), we demonstrated that many alleles are in linkage disequilibrium in the total population and that the species is subdivided into three overlapping groups of strains characterized by distinctive combinations of alleles. However, in the absence of direct information on rates of migration, recombination, and extinction in natural populations, it is difficult to assess the contributions of natural selection and nonselective forces to the generation and maintenance of the multilocus genetic population structure of this species.
In an effort to determine the evolutionary sources of linkage disequilibrium in E. coli, we have analyzed polymorphism at 12 enzyme loci in samples from three localities within a framework provided by the following questions: (1) What is the degree of population subdivision and genetic differentiation between widely separated geographic populations? (2) To what extent can the effects of population subdivision and genetic drift account for the multilocus structure? (3) Is the strength of the statistical association between alleles within populations related to the proximity of loci on the chromosome and, hence, to the potential rate of recombination between them? We begin with a standard analysis of allele frequencies, then apply Ohta's (1982a, 19826) method of partitioning the total variance of dilocus linkage disequilibrium into several components, and, finally, compare the strength of observed allele associations with the chromosomal map distances between pairs of loci.
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Material and Methods
The analysis is based on a total of 178 isolates of Escherichia coli, including 30 from Iowa, the United States; 100 from Goteborg, Sweden; and 48 from Tongatapu, Tonga. Each isolate was obtained from a fecal sample of a separate individual human host. The isolates from the United States and Sweden were selected from a large collection of samples used in earlier studies of genotypic diversity in natural populations of E. coli (Selander and Levin 1980; Caugant et al. 1983; Ochman et al. 1983; Whittam et al. 1983) .
Protein extracts from single-cell isolates were prepared, subjected to starchgel electrophoresis (as described by Selander et al. 1971; Caugant et al. 1981) , and selectively stained for the 12 enzymes listed in tables 1 and 2. For each enzyme, we distinguished from three to 20 allozymes, which were equated with alleles. Isolates lacking activity for a particular enzyme were designated as "null" at that locus. Thus, the combination of alleles observed at 12 structural gene loci characterizes the multilocus genotype of each isolate.
The sampling employed in this study differed from that used in an earlier study of multilocus structure in E. coli (Whittam et al. 1983 ). In the earlier study, both allele frequencies and measures of disequilibrium were calculated over the set of unique genotypes (multilocus electrophoretic types), and the relative abundance of each type in the total sample of isolates was not considered. This procedure was necessary because data were combined from several surveys in which the relative frequencies of genotypes in the total sample of isolates were strongly influenced by sampling effort (i.e., the numbers of isolates obtained from individual hosts) and, therefore, probably did not reflect their actual abundance in nature. In the present study, however, we have standardized the sampling effort by using only one isolate per host; calculations of allele frequencies and disequilibrium coefficients incorporate estimates of the relative frequencies of the various multilocus genotypes in the natural populations sampled.
Results

Genetic Diversity and Geographic Variation
In the sample of 178 isolates, 103 allelic states (allozyme alleles and null alleles) were distinguished over the 12 enzyme loci assayed. All loci were polymorphic in the three populations, except for GOT and G6PD, which were monomorphic in Iowa (table 1) . The number of alleles in the total population averaged 8.6 per locus, ranging from 3 at GOT to 21 at 6PGD. Table 2 presents the total allelic diversity (Nei 1975) for each locus. The average total diversity (H, = 0.518) is nearly identical to that obtained earlier for 279 electrophoretic types isolated from both human and other animal sources (Whittam et al. 1983) . Table 2 also presents FsT, the standardized variance in allele frequency among localities, for each locus. Six loci (MDH, 6PGD, G6PD, GOT, AK, and ACO) have relatively small FST values, indicating essentially no variation among localities. At each of the remaining six loci, which have relatively large FST values, one or more alleles vary significantly among localities (heterogeneity x2 test; table 1). The average FST over loci is 0.020, which means that 98% of the total genetic diversity can be found within a geographic population and only 2% can be accounted for by variation in allele frequencies (Nei 1977) . Although the amount of (Ochman et al. 1983; Whittam et al. 1983) . Zero denotes null phenotype, that is, no detectable enzyme activity at the locus. Leading alleles are italicized. n = number of isolates. * Significant heterogeneity in frequency among localities is indicated by x:,, > 5.99, P < .05.
** Significant heterogeneity in frequency among localities is indicated by x$, > 9.21, P < .Ol.
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allele frequency variation among localities is small relative to the total genetic diversity, the absolute degree of differentiation among populations is substantial (minimum genetic distance, D, = 0.028), being equivalent to that reported for several animal species (Nei 1975, p. 152) .
Variance Components of Linkage Disequilibrium
In a theoretical analysis of linkage disequilibrium in a finite population with a subdivided structure, Ohta (1982a, 19826 ) devised a method of partitioning the variance of dilocus disequilibrium coefficients in a manner analogous to Wright's F-statistics for allele frequencies (e.g., Wright 1978, pp. 86-89) . Definitions of Ohta's five coefficients of disequilibrium for a subdivided population are presented in table 3. For a pair of loci, these D-statistics partition the total variance of disequilibrium into two sets of within-and between-population components. In our application of this method, the sampling properties of these statistics were ignored and the empirical values were used as direct estimates of the population parameters, From the definition in table 3, the total variance of disequilibrium, Df,, was calculated for each pair of loci. For locus-pair A and B, Df, is the average squared deviation over all allelic pairs of the observed frequency of chromosome A,B, in the kth population from the expected frequency calculated as the product of average allele frequencies. The frequency distribution of the total variance for 66 pairs of loci is presented in figure 1 . The average total variance is 0.0339. For comparative purposes, we randomized the allele combinations in 178 hypothetical isolates 50 times by computer, each time calculating 66 pairwise sets of D-statistics (table 4) . Of the 3,300 randomly generated values of D2 , 98% fell below 0.0200, and the average value was 0.0103. Thus, the observed average total variance of disequilibrium is much greater than would be expected if the total population lacked genetic structure.
We next partitioned the total variance, D&, into within-and between-population components (table 3) to assess the contribution of geographic subdivision to the total disequilibrium for each locus-pair. The average squared disequilibrium within populations, over all locus-pairs, Df, = 0.017, is about four times greater than the average generated by the randomization procedure (table 4) . For a pair of loci, the between-population coefficient, D:,, is the deviation of expected chromosome frequencies at a locality relative to the total population. The observed chromosome frequencies, g,i,x, do not enter into the calculation of D& (table 3) , which is, therefore, sensitive only to variations in allele frequencies among subdivisions. The average D:, (= 0.0156) over all locus-pairs is approximately 2.5 times the randomly generated values ( suggests that a larger part of the total variance of disequilibrium results from deviations within localities than from variation in allele frequencies among localities. The second set of coefficients is D'&, the variance of disequilibrium in the total population, and D'iT, the average deviation of frequencies of different dilocus genotypes in geographic populations from their average frequencies in the total population (table 3) . (For a pair of loci, these components are additive, such that their sum equals Of,.) Over all locus-pairs, both the observed average D':, (= 0.0212) and D'& (= 0.0128) exceed the randomly generated averages (table 3) and account for 62% and 38% of the total variance of disequilibrium, respectively. This result agrees with that of the analysis above in that a larger part of the total disequilibrium is accounted for by the within-locality component. However, with random genetic structure, D':, is expected to exceed D'&, because the variance of disequilibrium in the total population should be very close to zero, whereas genotypic frequencies within each geographic sample may deviate relative to those in the total population. And, in fact, this relationship was found for 99% of the comparisons generated by computer randomization. But the opposite relationship was found for 20% of the observed comparisons, indicating significant disequilibrium in all populations but relatively little variance in disequilibrium among localities relative to the total population.
Ohta (1982~~) has suggested that the dual relationships among the four components of total disequilibrium for a pair of loci may be useful in evaluating the roles of various evolutionary factors producing nonrandom associations of alleles. As shown in table 5, 35 of the 66 pairwise locus comparisons (53%) exhibit the dual relationship among the components of total disequilibrium predicted by Ohta for nonsystematic disequilibrium. For these locus-pairs, much of the disequilibrium results from variation in allele frequencies among localities, as reflected in the relatively large average value of D& ( = 0.0177). Moreover, the observed average chromosome frequencies for these locus-pairs show little deviation from the expected chromosome frequencies calculated from the products of allele frequencies in the total population: D'& averaged over these pairs of loci constitutes only about 15% of the average total disequilibrium (D:, = 0.024). For the remaining pairs of loci. the within-population disequilibrium, as measured by D&, exceeds the between-population component due to allele frequency variation, 05,. For 18 of the 66 total pairs of loci (27%), linkage disequilibrium varies in direction among localities, and thus D'& > D';,. These 18 locus-pairs exhibit a greater total disequilibrium than do pairs of the first group of loci, and a larger part of the total (38%) is due to variance of disequilibrium in the total population, D'&. Finally, 20% of the locus-pairs (13 of 66) display the dual relationship of systematic disequilibrium, which means that allele associations are in the same directions in each population. These 13 pairs have the greatest average withinpopulation component of disequilibrium and also the greatest average total variance in disequilibrium. For these pairs, 64% of the total variance is due to variance of disequilibrium in the total population. Table 6 presents chromosome frequencies for specific pairs of alleles that are positively associated in all three geographic populations. Fifteen of the 20 cases involve one or two common alleles at the four loci ADH, IDH, ACO, and PGI.
Interpretation of these relationships in terms of the effects of various nonselective and selective forces that can generate and maintain linkage disequilibrium depends critically on the rates of recombination in natural populations between the enzyme loci assayed. Recombination has not been measured in natural populations of Escherichia coli, but one can indirectly assess its effect on linkage disequilibrium by taking the distance between loci on the chromosome as an index of potential rate of recombination between them (Langley 1977).
Linkage Disequilibrium and Chromosomal Map Distance
The lOO-min chromosomal map of E. coli (Bachmann et al. 1976; Bachmann and Low 1980) specifies the locations of 11 of the 12 loci listed in table 1 (the exception is ACO), from which one can estimate the shortest map distances, measured in minutes, from 0 to 50, between all pairs of loci. (One minute corresponds to a molecular distance of approximately 1% of the bacterial genome or about lo4 nucleotides; Glass [1982] .) We assume that the rate of recombination and, hence, the rate of decay of linkage disequilibrium between any two loci increase with the map distance between them. This assumption is warranted to the extent that genetic transfer between cells occurs via plasmid-mediated mobilization of the bacterial chromosome in such a way that only neighboring enzyme loci are likely to be cotransferred. Thus, one would expect a negative correlation between map distance and the magnitude of disequilibrium for pairs of loci, provided that (1) recombination via plasmid-mediated conjugation occurs with significant frequency between cell lines in natural populations; (2) substitutive recombination rates increase with map distance; and (3) the linkage disequilibrium is not stably maintained by epistatic selection.
Using the frequency of the leading allele (see table 1) versus that of the pooled remaining alleles at each locus, we tested for disequilibrium between pairs of loci by calculating Lewontin's D' (= DID,,,) coefficient (Lewontin 1964) and its standard error (Cole 1949) for all of 55 pairwise comparisons of the 11 mapped loci in each of the three samples. There are 27 pairs of loci in which the leading alleles were significantly associated at one or more localities. Figure 2 shows map distance plotted against a measure of linkage disequilibrium for these 27 locus-pairs. (In this case, we used the standardized within-population component of linkage disequilibrium [s:,; see table 31 because it, like Lewontin's D' coefficient, is relatively insensitive to differences in allele frequencies between loci.) Pairs of loci that are in systematic disequilibrium and those that show nonsystematic disequilibrium are indicated by different symbols. Several conclusions can be drawn from the analysis summarized in figure 2 . First, over all 27 pairs of loci, there is no apparent relationship between the chromosomal map distance between loci and the standardized variance of withinpopulation linkage disequilibrium. Second, s& is on average larger for the nine pairs of loci that exhibit systematic disequilibrium than for other pairs of loci, and, again, the magnitude of disequilibrium is unrelated to map distance. For these nine pairs, relatively large values of s:, are not surprising, because a large D:, is one way to fulfill the dual relationship of coefficients that is characteristic of systematic disequilibrium (see above). Third, for the 18 pairs of loci exhibiting significant allele associations that vary in direction among localities (i.e., nonsystematic disequilibrium), there is a tendency for s;, to decrease with increasing map distance. The product-moment correlation coefficient between s:, and map distance for these pairs is approximately -0.38, but this correlation is in large part accounted for by one point in the upper left-hand corner of figure 2 (Y = -0.19 with this point excluded). Probability values are not given for these correlation coefficients, because each sample represents a pairwise comparison of loci, and, therefore, the samples are not independent.
In sum, associations between loci that are close together and would, therefore, be expected to have a greater likelihood of cotransfer during conjugation are no stronger than associations between loci that are widely separated on the chromosome.
Discussion
The objective of this study was to elucidate the geographic aspects of the genetic structure of natural populations of Escherichia coli, at both the singlelocus and dilocus levels. A key result is t .hat enteric populations of E. coli in human hosts in widely separated regions of the world exhibit relatively little genetic differentiation. More than 95% of the total genetic diversity at single loci can be found at a locality. In absolute terms, the amount of geographic differentiation is equivalent to about twice that found among the three major races of man (Nei 1975, p. 152) . Geographic differentiation in E. coli is largely a result of the occurrence of uncommon alleles unique to each locality (table 1). The observed pattern of apportionment of genetic diversity within and between populations suggests that rates of migration are sufficiently high to prevent strong divergence of allele frequencies at single loci among populations, a result in agreement with earlier conjectures of Levin (1981) , Whittam et al. (1983), and Achtman et al. (1983) .
Extensive geographic structuring of E. coli is revealed when the frequencies of dilocus genotypes are considered. Ohta's method of partitioning the total variance of disequilibrium permits one to quantify the contributions of the withinand between-population components to the multilocus structure and to categorize each locus-pair by the relationships among these components (see table 5 ). Brown and Feldman (1981) have independently developed a set of indices for measuring multilocus associations in a structured population, in which the within-and be-tween-population components contribute to the total variance in the number of heterozygous loci in two randomly chosen haploid genotypes (gametes). Table 7 presents these indices for the total E. coli sample and for the locus-pairs exhibiting the three dual relationships indicated in table 5. (Brown and Feldman [1981] should be consulted for definitions of their components.) In the total E. coli sample, only 57% of the variance in the number of heterozygous comparisons, 'a',, is accounted for by the sum of the single-locus effects, which indicates that the variance is almost doubled by the association among alleles at different loci. The mean disequilibrium, MD, is a prominent component (40%) of the total variance. For the 35 locus-pairs exhibiting the first dual relationship, 97% of Ta2, is accounted for by the sum of single-locus components: for these pairs of loci, there is virtually no correlation in allelic state among loci over haploid genotypes. For the second dual relationship, the 18 pairs of loci show a genetic contribution of the two-locus effects, with 18% of the 'a& being accounted for by the average linkage disequilibrium over loci, MD. However, the disequilibrium is not systematic, as indicated by the relatively large variance in disequilibrium, VD, which accounts for 12% of the average variance of the number of heterozygous comparisons, a$. The 13 locus-pairs that exhibited systematic associations, as defined by the third dual relationship of Ohta's components, also show the characteristics of systematic association defined by Brown and Feldman, that is, high MD, positive AI, low VD, and low CL The effects of various evolutionary factors on the multilocus genotypic distributions in natural populations of E. coli depend on the rates of genetic recom- NOTE.-The number of loci and the number of locus-pairs used in the calculations are given in parentheses.
a The effect of Wahlund's allele frequency variance, WH, is negative for a single locus when 3Hs -HT > 1, where Hs is the average genetic diversity within subpopulations and H7 is the total genetic diversity at the locus.
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bination occurring between cell lines. Available evidence indicates that these rates are very low. Our demonstration that the strength of association between alleles is unrelated to the molecular distance between the various loci on the chromosome suggests that plasmid-mediated conjugation involving the cotransfer of enzyme genes and subsequent integration of chromosomal DNA is a rare event in nature. This inference is supported by the observation that plasmids integrate into the bacterial chromosome with low frequency in experimental laboratory populations (e.g., Schwesinger 1977) and is compatible with the hypothesis that the primary role of conjugation is the dissemination of "sex factors" and other plasmids (Achtman and Skurray 1977). However, recombination at rates sufficiently high to cause decay in linkage disequilibrium may still occur via phage-mediated transduction, in which the cotransfer of the enzyme loci assayed is unlikely because only a short segment of bacterial chromosome is involved in any transfer event (Hayes 1968) . Two lines of evidence suggest that transduction occurs infrequently in nature. First, estimated rates of phage-mediated gene transfer occurring in chemostat populations, and, by inference, in natural populations as well, appear to be very low, being on the order of magnitude of the mutation rate (Levin 1981). Second, isolates of E. coli from natural populations apparently are resistant to many of the common phages used in the laboratory. In laboratory tests of the resistance of 99 naturally occurring isolates to nine phages (T,, T,, T,, T,, T,, hV, $80, Pl, and Mu), Bruce R. Levin (personal communication) found that, on average, individual isolates were resistant to about six of them.
If rates of recombination are very low in natural populations of E. coli, linkage disequilibrium generated by both selective and nonselective mechanisms will decay at a very slow rate. Nonselective factors-such as mutation, genetic drift, and the admixture of differentiated populations-could generate transient disequilibrium that would persist for many generations. In fact, half the pairs of loci studied here show the dual relationship predicted by Ohta (1982~) to hold for disequilibrium arising by mutation and genetic drift in a subdivided population. Genetic drift is possible in E. coli despite the enormous number of individual cells in the total population of the species, because the frequent extinction of lines can profoundly reduce the effective population size (Maruyama and Kimura 1980) .
Although the interaction of genetic drift and population subdivision may account for much of the total disequilibrium, it does not explain the presence of systematic associations of alleles at 13 (20%) of the pairs of loci. The systematic disequilibria involving ADH, IDH, ACO, and PGI demonstrated in the present study were detected earlier in an analysis of more than 1,700 isolates of E. coli and Shigella species, representing 302 multilocus genotypes (Whittam et al. 1983) . (That larger sample included the isolates from Sweden and Iowa but not those from Tonga.) Largely on the basis of nonrandom associations of alleles at these four loci, it was possible to distinguish three clusters of strains within the species E. coli as a whole. The present analysis suggests that representatives of these three groups of strains are worldwide in distribution.
Admixture of populations may account for the systematic pattern of disequilibrium, as well as for the nonsystematic disequilibrium. If populations of E. coli had diverged in geographic isolation, perhaps on different continents, in the past through nonselective processes and different selection pressures, then, as the mobility of human populations increased in recent times, cell lineages from such differentiated populations may have been carried over wide geographic areas, eventually achieving a worldwide distribution. In the virtual absence of recombination, genetic combinations representing the original differentiation would persist at many localities, thereby yielding systematic linkage disequilibria. Nonsystematic associations of alleles would subsequently arise within localities as a result of random line extinction, immigration of new clones, and mutation.
Another possibility is that rates of recombination are sufficiently low for systematic allele associations to have been produced by periodic selection (Koch 1974; Kubitschek 1974; Levin 1981) , a process in which certain combinations of neutral alleles are driven (hitchhike) to high frequencies through the indirect effects of selection on other loci. The selected loci may be located on the chromosome or on plasmids. Moreover, neutral allozymes could be hitchhiking with favorable adaptive gene complexes that have arisen through additive or substitutive recombination events. Clones harboring adaptive mutations or gene complexes may subsequently have spread throughout the geographic range of E. coli, thus producing the observed systematic disequilibria. This process would not require geographic isolation of populations of either E. coli or its human or other animal hosts.
A hitchhiking effect on neutral alleles by indirect selection has been demonstrated theoretically (e.g., Maynard Smith and Haigh 1974; Thomson 1977; Hedrick 1980) and has also been observed in chemostat populations of E. coli (Novick and Szilard 1950; Atwood et al. 1951; Nestman and Hill 1973 ; see also the recent work on asexual populations of yeast by Paquin and Adams [ 19831) . In addition, indirect selection may generate linkage disequilibrium between neutral alleles at linked loci (Thomson 1977) . And by reducing effective population size through the extinction of less fit clones, indirect selection also promotes nonsystematic associations of alleles through genetic drift (Maruyama and Kimura 1980) . Epistatic natural selection can, of course, always be invoked as a general explanation for the occurrence of linkage disequilibrium. In the case of E. coli, epistasis could be increasing favorable allozyme combinations and maintaining stable disequilibria in all populations. Systematic disequilibria would be observed for those genetic combinations that are favored at all localities, and nonsystematic disequilibrium would represent combinations that are locally adaptive. We are, however, reluctant to invoke direct epistatic selection on enzyme variants as a general explanation of the observed disequilibrium, because it seems unlikely that selection can distinguish among combinations of different allozymes of enzymes having generally unrelated physiological functions (Selander and Levin 1980) . As shown in table 6, pairs of alleles at nine different loci are positively associated in all three geographic populations sampled in this study. Several of these enzymes are, in fact, functionally interrelated, occurring in the same metabolic pathway (e.g., AC0 and IDH in the TCA cycle); and it is possible that physiological differences between allozymes of these enzymes are expressed as selective differences between genotypes in certain genetic and/or environmental backgrounds. Indeed, selective differences between some allozymes of 6PGD have been demonstrated on certain genetic backgrounds in laboratory populations of E. coli (Dykhuizen and Hart1 1980). However, the same experimental approach has shown that most allozymes of 6PGD and PC1 are neutral or nearly so (Dykhuizen 1982; Dykhuizen and Hart1 1983) . Until more experimental evidence of this type is available, the role of epistasis in promoting specific nonrandom combinations of allozymes in natural populations of E. coli will remain unclear.
